I. INTRODUCTION
Monolithic integration of chemical sensors with electronics will allow chemical detection instrumentation to be miniaturized, produced inexpensively, and have expanded functionality. The availability of such sensors will open up many new uses of chemical detectors because of greater portability and affordability. Chemical sensing through the use of acoustic wave devices has long been available using quartz as the piezoelectric material for generating acoustic waves [l] . However, quartz is not a suitable substrate for monolithic integration of microelectronics. GaAs is a piezoelectric material on which surface acoustic wave (SAW) devices can be fabricated and can also provide electronic capability. In this work, we demonstrate an oscillator technology using SA\V delay lines integrated with GaAs MESFET electronics. This development is a major step towards integrated chemical microsensing. Monolithic SAW oscillator technology has been proposed previously [2] , but to our knowledge has not yet been demonstrated. along the delay line proportional to the added mass, resulting in a frequency shift in the oscillator. The frequency shift can be measured using a frequency counter or alternatively, the phase shift can be measured relative to an uncoated reference delay line.
The application of GaAs SAW delay lines to chemical sensing has previously been reported and GaAs SAW devices produce similar chemical sensitivities to quartz SAW delay lines [3]. The advantages of a monolithic GaAs-based approach are mainly related to size, performance, reliability, and cost. Reliability and cost are issues that typically motivate high integration levels. In chemical sensing applicationis, size is especially important because an integrated microsensor may consist of arrays of SAW delay lines to allow sensitivity to different chemicals. The overall size reduction can be substantial for a large number of sensors. Some size reduction will occur from monolithic integration of acoustic and electronic functions. Even greater size reduction will result from the use of the acoustic devices scaled to higher frequencies, since the both the IDT and passive electronic elements (mainly capacitors and inductors) will be smaller. In addition, smaller IDT area leads to greater chemical sensitivity [ 11. Size reduction and enhanced chemical sensitivity favor oscillator implementation at higher frequencies and monolithic integration is then advantageous in terms of keeping rf signals on-chip. If all high frequency signals are kept on the same chip, then DC-in, DC-out becomes a realizable goal.
MESFET TECHNOLOGY 11. TECHNOLOGY DESCRIITION
Chemical sensing with quartz SAW devices operates as follows [I] : Interdigii ated transducers (IDTs) are used to launch and receive acoustic waves with a frequency determined by their electrode spacing and the phase delay along the acoustic path determined by the acoustic velocity. An amplifier in a feedback loop with the SAW delay line is used to construct an oscillator with the frequency determined by the acoustic velocity of the SAW delay line (hence the electrode spacing of the IDT). The amplifier must be designed for sufficient gain at that frequency. Chemical sensitivity is enhanced by sorbent films (typically polymers) that are deposited on the SAW delay line. Chemicals that absorb well in the film result in mass loading and produce a phase shift This initial technology demonstration was made by modifying a conventional MESFET process with one additional processing step to deposit a metal film for IDT formation. The minimum IDT features of 1.5 pm result in a maximum oscillator frequency of 500 MHz. All GaAs-based electronics such as MESFETs, HEMTs, and HBTs are suitable at least up to several GHz. MESFETs were chosen because of their simplicity in fabrication and their wide commercial applicability. An epitaxial channel design was used in this work for convenience; ion implanted MESFETs are also suitable. Epitaxial MESFETs will require no little or no further development to be compatible with chemical microsensors which employ free-standing GaAs membranes.
0-7803-5049-9/98/$10.00 0 1998 IEEE The latter will be made with micromachining techniques which use epitaxially grown material. The MESFET structure consists of a 3000 A p-type confinement layer doped to 5 x ~m -~, a 800 A GaAs channel layer doped to 2.5 x I O l 7 cmM3 and a SO p\ undoped GaAs cap, all grown on a semiinsulating GaAs substrate by molecular beam epitaxy. A self-aligned refractory gate MESFET process was used for fabrication as illustrated in Fig. 1 . In step 1, a W/WSi gate with a 0.7 pm gate length was deposited and patterned by reactive ion etching [4] . Shallow self-aligned Si source and drain implants then followed (step 2). The conditions used were 29Si at SO KeV and 1 . 1~1 0~~ cm-2. By keeping the energy to 50 KeV, a more elaborate sidewall process can be avoided for this gate length. Ohmic contacts with Ge/Au/Ni/Au were deposited and alloyed in step 3. Isolation of the active areas was accomplished by an oxygen implant (step 4). Next, the IDT metal was deposited. This metal layer was also used as for capacitor electrodes and as an interconnect metal. A 4300 p\ silicon nitride layer combined as an interlevel dielectric and a capacitor dielectric with reactive ion etching for vias and capacitor patterning. Processing was completed with the second interconnect metal patterning and deposition (steps 6 and 7). All lithography was done with conventional optical means. The Source and drain ion implants were also used for resistor formation.
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The electrical characteristics of a 0.7 x 50 pm2 enhancement-mode MESFET are shown in Fig. 2 . The device shows a DC output conductance of 5-7 mS/mm and a peak transconductance of 270 mS/mm with a threshold voltage of 0.06 V. The use of an epitaxial channel resulted in good uniformity of the threshold voltage. 
rV. OSCILLATOR RESULTS
The GaAs-based oscillator consists of a four-stage MESFET amplifier combined in a feedback loop with a SAW delay line as shown in Fig. 3 for a 470 MHz design. This oscillator is simple implementation of technology that can be used to demonstrate chemical sensing capability and may also be promising for rf oscillator and filter applications. Passive elements included capacitors and resistors. No inductors were used because of their large size at this frequency. The amplifier was designed for 40 dB of gain to overcome the insertion loss of the SAW delay line, which is typically 35 dB at this frequency. On chip bypass capacitors (not shown in schematic) of 2 pF and 4 pF were included for the gate and drain supplies, respectively. A picture of a fabricated device is shown in Fig. 4 . The oscillator size is approximately 1.9 x 1.2 mm2. MHz oscillators with a similar design were also operational. The chip size for these designs are 3.5 x 1.6 mm2, and 2.1 x 1.3 mm2. The SAW delay line represents a larger fraction of the chip size for the lower frequencies. However, electronic functions are likely to take up more space in future designs. 
V. CONCLUSION
Monolithically integrated SAW MESFET oscillator technology has been demonstrated. This technology will enable integrated microsensing applications and may be promising for rf oscillator and filter applications as well.
